This paper focuses on the variation in extraction-ion beam performances in miniature ion engines due to grid erosion. Because speed and cost are very important issues in microspacecraft development, we replace time-consuming grid wear tests with numerical simulations using the JAXA Ion Engine Development Initiatives (JIEDI) tool. By comparing the results obtained for a miniature ion engine with those of a 10 ion engine, we observe significant extraction-ion beam performance degradation in the miniature ion engine. Because miniature ion engines tend to omit gimballing devices to save their masses, we also present a numerical simulation for predicting erosion-induced movement in the thrust-vector direction for the estimation of the accumulation of thrust-vector misalignment toque, which must be unloaded by firing low-Isp chemical thrusters. Using the JIEDI tool, we can successfully calculate its movement by grid erosion and obtain the averaged thrustvector direction during the operation of the ion engine. This time-averaged thrust-vector direction provides the best initial thruster setting angle for each miniature ion engine.
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Introduction
Ion engines can provide substantial propellant savings compared with chemical propulsion. While the number of space missions using ion engines continues to increases, they all involve middle-or large-size spacecraft.
In recent years, there has been increased use of microspacecraft, which are expected to reduce the speed of development, cost, and flexibility of space missions. There have also been extensive efforts to realize miniature propulsion systems. Miniature ion-engine systems are therefore being applied to microspacecraft, such as the Miniature Ion Propulsion System (MIPS) and the Ion thruster and COld-gas thruster Unified Propulsion System (I-COUPS), which were developed at the University of Tokyo. [1] [2] [3] While these are significant advancements, the miniaturization of ion engines introduces technical problems that have been resolved for ordinary-sized ion engines, namely a shorter grid lifetime caused by erosion, which is due to the low plasma-production efficiency, 4) and the absence of a gimballing device to act as a countermeasure against thrustvector movements during flight.
Owing to its limited capacity for plasma generation, the extraction ion-beam current and the propellant utilization efficiency of miniature ion engines are lower than those of standard-sized ion engines. Therefore, small ion engines experience severe erosion and significant performance degradation because sputtering particles are generated mainly at a propellant utilization efficiency of 0.5, which is close to their operational ranges. For example, the propellant-utilization efficiencies of the above-mentioned MIPS and I-COUPS ion engines are around 0.4 because of their lower ion production. In view of the current and potential growth in the use of small ion engines, it is very important to perform a lifetime analysis that includes changes in the extraction ion-beam performance. A previous study 4) was the first to include such an effect in a complete three-dimensional analysis using the JAXA Ion Engine Development Initiative (JIEDI) tool.
The use of a gimballing device in a miniature ion-engine system results in a significant mass penalty. For example, the gimballing system of the ion engine in the Deep Space 1 mission weighed ~15 kg and its thruster head weighed 8 kg.
5)
Thus, the removal of the gimballing system and the use of other torque-cancelling mechanisms such as the combination of a momentum wheel and unloading by a reaction-control system is a realistic approach, and this is employed in I-COUPS. In this case, the minimization of the torque generated by the ion engine is important. In this study, we also focus on the changes in the thrust-vector direction due to erosion. We performed parametric analyses to investigate the effect of the grid displacement and its magnitude on the change of the thrustvector directions. To mitigate the loss of the thrust-vector movement due to erosion, we obtained the best initial thruster setting angle.
Modeling

JIEDI tool
The JIEDI tool was developed to qualify ion-engine optics with high precision and accuracy. Figure 1 shows the analysis region of the JIEDI tool. Figure 2 shows a schematic diagram of the erosion mechanism of ion-acceleration grids. When ions/neutrals generated by elastic scattering (SCAT) or charge-exchange (CEX) collisions hit the grid surface, it is eroded by sputtering. While most of the eroded grid atoms flow away, some of them are re-deposited on the grid surface. As is the case with many ion-optics studies, 8, 9) the JIEDI tool can analyze these physical phenomena that are associated with grid erosion and redeposition. The numerical scheme used in the JIEDI tool is a hybrid fluid-particle approach, in which ions and neutrals are treated as particles and electrons are treated as fluid. The JIEDI tool incorporates the latest sputtering models to account for the sputtered grid material's movements and its re-deposition onto the grid surface. The computational region upstream and downstream from the grids are shown in Fig. 3 . The upstream plasma region has a length of around Ds and the length of the downstream region is three-times that of neutralization length ln.
10)
The JIEDI tool employs the finite element method (FEM) for discretization, and its grid size was determined from a previous study. Table 1 lists the calculation conditions of the miniature ion engine based on MIPS and I-COUPS. The engine is a two-grid system with molybdenum grids, and it uses xenon as the propellant. The propellant flow rate was fixed during the operation and the doubly charged ion fraction was assumed to be 0.10 based on data obtained from other microwave ion engines. 12) In the numerical wear test, ion beams and neutrals were assumed to be uniform in the radial direction, and we therefore used the average values of the ion-beam current and neutral flux.
11)
Nominal condition
Intense grid erosion significantly changes the conductance of grids, and this lowers the neutral number density in the discharge chamber, causing ion production and ion-beam extraction to deteriorate significantly. In the miniature ion engines such as MIPS and I-COUPS, the propellant flow rate is fixed during the operation, and thus both the ion-beam current and the leaking neutral flux is affected by grid erosion. To predict the change in both the parameters, we used a simple model where the ion-beam current is proportional to the neutral number density in the discharge chamber. 4) In this model, the conductance was used to reflect the change in the grid shape, and the ion-beam current can be expressed as:
This is a decreasing function of the grid conductance. In contrast, the neutral flux is an increasing function of the conductance, which is given as:
where the grid-conductance ratio is evaluated in the neutraldensity calculation module of the JIEDI tool from the ratio of the number of super particles leaving the downstream boundary (located downstream of the accelerator grid) to those entering the upstream boundary (located upstream of the screen grid). To compare the simulation results with those of standardsized microwave ion engines, we also evaluated the change in the extraction-ion beam performance of the 10 ion engine using the simulation results.
6)
Grid offset
The calculation mesh was constructed using the displacement of  and the grid-offset angle  as shown in Fig.   4 . To investigate the effect of the magnitude of the initial thrustvector offset, the initial displacement was changed from 0.0112 mm (= 0.4°) to 0.045 mm (=1.6°). In addition, we also studied the effect of the initial grid offset direction considering three cases: (a) 0°, (b) 30°, and (c) 45°.
In the JIEDI tool, the beam-deflection angle was calculated from the sum of the x, y, and z components of the momentum of each ion beam:
The x-and y-components of the beam-deflection angle are given as
The plot of x and y shows the movement of the ion-beam center. Figure 5 compares the changes in the grid conductance of the miniature ion engine and 10 ion engine. As is evident from the figure, the grid conductance in the miniature ion engine increased significantly; however, it remained almost constant in the 10 ion engine. This result highlights the importance of including the change in the extraction beam performance, especially if the erosion rate is high, as in the case of the miniature ion engine considered here. Figure 6 (a) shows the change in the ion-beam trajectories and grid surfaces after operating for 500 h and 13000 h, respectively. As seen in the figure, the ion beams are focused on the centerline near the upper surface of the accelerator grid, and they expand at large angles. As the miniature ion engine operates at an ion-beam current that is one order of magnitude smaller than that of ordinary-sized ion engines, its ion beam trajectories follow this path because ions operating at a small ion beam current tend to be accelerated at highly diverted angles. Figure 6 (b) shows the downstream surface views of the accelerator grid after operating for 13000 h and 27000 h. We observe the enlarged diameters of the accelerator grid holes and the formation of pit-and-groove patterns, which were due to erosion. Eventually, the bridges between the acceleration grid holes were completely eroded, and this resulted in a structural failure of the grid system. Figure 7 shows the variation in the propellant-utilization efficiency as a function of the operation time. At the BOL, the value was around 0.42. For the first 2000 h, it decreased at a fast rate because of the rapid change in the diameter of the accelerator grid hole, which was caused by the direct impingement of mainstream ion beams, as well as erosion due to the high-energy CEX and SCAT ions and neutrals. After 2000 h, the value decreased at almost the same rate as CEX and SCAT erosion was the dominant effect. At the EOL, the propellant utilization efficiency decreased by around 30% compared to that at the BOL. Figure 8 shows the variation in the saddle point potential, which must be negative to prevent neutralizing electrons from backstreaming. As seen in the figure, the value remained negative until the grid was eroded away at 27000 h, which is much longer than the typical required lifetime of 10000 h for miniature ion engines. These results indicate that miniature ion engines can withstand 10000 h of operation; however, their propulsion performance degrades substantially thereafter because of severe accelerator grid erosion.
Results and Discussion
Nominal condition
Figures 9 and 10 compare the grid shapes after around 200 h of operation. As seen in Fig. 9 , the downstream face of the accelerator grid was eroded in a 6-point star shape by the direct impingement of mainstream ion beams. In contrast, the upstream face had a region with a higher erosion rate surrounding the grid hole, where CEX and SCAT ions sputtered its surface. These erosion patterns are the same as those obtained in the experiments shown in Fig. 10. Figure 11 shows plots of the beam center for different initial grid offsets at 0 h-12000 h. For all the initial grid offset directions, the beam center moves in the initial grid offset direction. Around the accumulated operating time of 4000 h, the beam center converges toward the physical centerline of the grid hole, and then overshoots in the opposite direction. As shown in the figure, the differences in the values for the three initial angles are very small, and the plots all follow the same trend. This result shows that the initial grid offset direction is not a dominant parameter affecting the movement of the thrust vector. Therefore, we performed calculations only for the initial grid offset direction of  = 0°. Figure 12 shows plots of the beam-deflection angles for initial grid offsets that range between 0.4° and 1.6°. In all of the initial grid offsets, the beam center moves to the physical centerline and then overshoots in the opposite direction. For a small initial grid offset of 0.4°, the movement of the beam centerline is small, and it becomes larger as the initial grid offset angle increases. This result indicates that an initial grid offset angle that is too large shortens the lifetime of the grid system, and the initial grid offset should therefore be set as small as possible. For practical applications, the time-averaged beamdeflection angle is defined and calculated as
Grid offset
Because Eq. (6) gives the averaged direction of the beam center during the designed lifetime of Td, setting the initial thruster angle to be -� ̅ �� � � can mitigate the propellant loss caused by the change in thrust-vector movement due to erosion. This results in an optimized thruster tilt angle for the designed thruster lifetime, as shown in Fig. 13. 
Conclusion
In this study, we analyzed variations in the extraction-ion beam performance caused by erosion in a miniature ion engine. In addition, we studied the effects of the grid erosion on variations in the thrust-vector direction without the gimballing operation of the ion engines. The results obtained in this study promote the use of miniature ion engines for more challenging and versatile microspacecraft missions. The results are summarized as follows: (1) The extraction-ion beam performance deteriorated significantly because of grid erosion; however, nominal grid design parameters met the typical lifetime requirement of 10000 h with a sufficient margin. The EOL of the grid system is caused by the structural failure of the accelerator grid, and this occurred after around 27000 h of operation.
(2) The direction of the thrust vector moves to the physical centerline of the grid system because of erosion. However, the thrust vector does not remain on the physical centerline, but overshoots in the opposite direction. (3) The beam-deflection angles were averaged according to the operating time, which helped to determine the best initial thruster direction. By minimizing the initial grid offset and using the lifetime-averaged thrust-vector direction as the initial thruster direction, we can mitigate the propellant loss induced by the movement of the thrust vector due to erosion. 
